A new image registration algorithm based on phase-only correlation is applied to portal images in radiation therapy to detect translational shift. The phase-only correlation shows a sharp peak in the correlation distribution as compared to the broad peak computed from conventional correlation using fast Fourier transform. In this paper, the algorithm of phaseonly correlation is described and its applicability and robustness are tested when applied to portal images used in clinical radiation oncology. The results achieved give evidence that the phase-only correlation will deliver an alternative approach for image registration and image comparison, that may be applicable in routine clinical practice.
Introduction
When a patient is accepted for radiation therapy based on previous diagnostic studies, not only is it important to choose a proper field and setup for administering the prescribed amount of radiation to the tumour volume, but also it is critical to reproduce the treatment setup daily as planned. In practice, in addition to using immobilization devices to minimize patient movement, x-ray films (portal films) exposed on the exit side of the patient are used as a tool to evaluate the treatment and also as evidence that radiation has been delivered to the desired place. If discrepancies are found between the simulator (planning) films and the portal films, a revision of the treatment procedure may be recommended. Although visual comparisons of the portal film with the simulator film, and of the portal film with subsequent portal films, are still standard practice as part of routine clinical evaluation, computerized analysis of these images has recently attracted the interest of both medical physicists and physicians alike. This interest has been spurred on by the development of effective film digitizers, as well as electronic portal imaging devices (EPIDs) which are capable of recording and displaying the digital images for on-line inspection (van Herk and Meertens 1988 , Shalev et al 1989 , Munro et al 1990 , Wong et al 1990 , Morton et al 1991 , Boyer et al 1992 . However, the development of new techniques in field placement analysis for fast evaluation in order to assist automatic setup remains to be a challenge (Shalev et al 1991 , Evans et al 1993 , Ezz et al 1992 , Balter et al 1993 , Michalski et al 1993 . Matching the portal image to the reference image by field edges (Bijhold et al 1991 , Leszczynski et al 1993 , by anatomical structures (Meertens et al 1990 , Graham et al 1991 , Evans et al 1992 , Wang and Fallone 1994 , or by a combination of both , using a variety of mathematical methods, are some of the approaches that have been used.
Correlation is a technique used in quantitative comparison of two functions. Spatial correlation formed on the pixel-by-pixel level is one of the methods used for image registration. Several groups have investigated field verification in radiation therapy in terms of a normalized correlation computed using the fast Fourier transform (FFT) algorithm (Jones and Boyer 1991) , or simply in the spatial domain (Moseley and Munro 1994) . Some other 'correlation' methods for field matching include comparison of the curvatures of two open curves (Balter et al 1992) and computing pseudocorrelation using χ 2 statistic (Radcliffe et al 1994) .
The conventional correlation, computed either in the spatial domain or in the Fourier space, has a rather broad distribution-making the detection of the peak difficult (Jones and Boyer 1991) . In this paper, a different approach is employed: the phase information in the Fourier transform of an image is emphasized and the correlation of a reference image and a test image is carried out with the magnitude of the complex spectra in one of the images entirely suppressed. The distribution from the phase-only correlation (POC) shows a sharp peak such that a more accurate maximal correlation can be achieved in determining the translational shift. Chen et al (1994) have demonstrated the feasibility of this approach to correlation of diagnostic images.
In order to introduce this technique and to explore its potential when applied to image registration in radiation therapy, the POC algorithm is applied to digitized simulator and portal images for POC (Wang et al 1995) . Results from POC are compared with the distribution from the conventional normalized correlation using FFT technique (CFC, conventional Fourier-based correlation). Simulations when either noise or a small rotation error is present are also carried out.
Theory and method

Conventional correlation
In image processing, a two-dimensional image g can be described by an array of numbers g(x, y) representing the grey level at different positions (x, y). The normalized crosscorrelation between two 2D images g and h can be defined as
where 'ˆ' indicates the mean grey level in each image. The normalized correlation has a 2D spatial distribution with arguments a and b representing the spatial shift of one image relative to the other. In the discrete case, the correlation distribution can be treated as a matrix with elements ranging from −1 to +1. Taking two images A and B in figure 1 as an example, when the test image B is shifted relative to the reference image A such that similar patterns overlap, the correlation computed by equation (1) becomes a maximum. At the location where maximum correlation occurs, an arrow connecting the centres of the two images indicates the size and direction of the shift between the patterns, as shown in the lower panel of figure 1 . Therefore, by finding the peak position in the correlation distribution, one can detect the translation shift of one image relative to the other based on the internal patterns. Similarly, positions of the correlation peak of portal with portal and portal with simulator images indicate possible patient shifts based on anatomical structure.
It is very time consuming to compute the whole correlation matrix at different shifts when large image files are concerned, even with the help of modern computers. Hence, FFT is employed for accomplishing the task. An image can be described in the frequency domain by complex values
where u and v are the frequency components along the x and the y directions. The Fourier transform G(u, v) of an image g describes the spatial variation rate of grey levels, with each frequency as a complex number consisting a magnitude and a phase. The correlation becomes a simple multiplication in the frequency domain
where H (u, v) is the Fourier transform of image h and * denotes the complex conjugate so that the numerator of the normalized correlation matrix in (1) can be derived as the inverse Fourier transform of (3). The two normalization factors, referred to as G norm and H norm hereafter, in the denominator of (1) can also be computed in the frequency domain (Jones and Boyer 1991) . Therefore, the normalized CFC is given by
Phase-only correlation
In general both the magnitude and the phase are needed to completely describe a function in the frequency domain. Sometimes, only information regarding the magnitudes is displayed, such as in the power spectrum, where phase information is completely discarded. However when the relative roles played by the phase and the magnitude in the Fourier domain are examined, it is found that the phase information is considerably more important than the magnitude in preserving the features of an image pattern. Oppenheim and Lim have proven this by reconstructing images using the full information from the phase with unit magnitude. This gave rise to images which resemble the originals in contours of the patterns. On the other hand, the Fourier synthesis using full-magnitude information with a uniform phase resulted in nothing meaningful as compared to the original images (Oppenheim and Lim 1981) . Inspired by the above findings, investigations of the use of phase-only information for matched filters or pattern recognition have been carried out. It is found that the phaseonly approach produces a sharper correlation peak (Horner and Gianino 1984a, b) . The phase-only correlation of image g and h is defined as
Here, a partial normalization factor G norm , the same as that used in (4), is employed to compute the POC analogous to the normalized CFC in order to compare the two techniques on common ground. H φ (u, v) is the phase-only Fourier transform of image h, in which the magnitude is unity throughout the spectrum, given by
Hence, from (6), one can take another point of view and consider the reciprocal of |H (u, v)| as a very complicated high-pass filter, since most real objects have Fourier spectra which fall off with increasing frequency (Horner and Leger 1985) . High-pass pre-filtering is very effective for differentiating subtle patterns and emphasizing the edge information.
Relative significance ratio of correlation peak
Figure 2 is a typical example of profiles along the horizontal and vertical lines passing through the correlation peak. The top panels show the profiles from the normalized CFC, the bottom panels those from POC. The dashed line in each figure represents the baseline, which is taken as the mean value of the entire distribution. Note that all the peaks are normalized to the same height in this display, so that the absolute values do not play an important role here. It is the ratios of peak height against peak width that are of interest to us since they represent a measure of the selectivity of the correlation.
While it is difficult to compare the success or the failure of CFC and POC due to the differences in scalings, peak widths, and baseline levels, we attempt to develop a scale invariant measure to quantify the comparison. First, the full width at half maximum (FWHM) is introduced in each profile with the peak height measured from the baseline. As shown in figure 2 , the FWHM of the profiles given by the number of the pixels in POC is about one-ninth of that from CFC on average.
In order to consider the two-dimensional nature of the correlation peak, we further introduce a mean FWHM of the peak FWHM = total number of pixels at half maximum.
Therefore, the FWHM may be analogous to the 'RMS diameter' of the cross section at the half maximum of the peak measured from the baseline. In order to provide a measure to the correlation peak against the peak sharpness, a relative significance ratio (R) of the correlation peak is introduced as
where y max is the peak height,ȳ the baseline, and y min the minimum in the correlation distribution. The denominatorȳ − y min is introduced into the definition so that the significance ratio is scale invariant. Hence a larger value of R describes a higher or a sharper correlation peak, making the correlation more selective. A program was developed in C language to compute FWHM and the relative significance ratio in each correlation distribution was computed. For the results in figure 2 , R CF C = 0.05 in CFC, and R P OC = 0.8 in POC.
Testing and results
Computer algorithm
The algorithm for computing the CFC was developed following the references of Jones and Boyer (1991) and others (Pratt 1991 , Pitas 1993 . Additional references are used for the POC algorithm (Horner and Gianino 1984a, b) . The software was written in C on an HP 730 workstation running HP-UX 9.0. Computation of the normalized correlation, which involves FFT of two images in the numerator, two in the denominator, and two inverse FFTs takes approximately 40 s. In order to define the value of correlation when a portion of the test image extends beyond the border of the reference image, the image matrices are embedded into larger matrices padded with zeros before computing the correlation (Pitas 1993) .
Correlation between portal images
In order to carry out a systematic investigation, different portal films were selected and digitized using a scanning laser digitizer †. The reference image (200 × 200) in figure 3(a) is a pelvic field from a patient, where the exit beam from the patient forms extremely lowcontrast images with limited anatomical detail. The test image (80 × 80) in figure 3(b) , enclosing part of the pubic bone and obturator foramen, is a subregion of the reference image in this study so that the direction and the amount of the shift (48, 48) are known and serve as the criteria to test the POC technique. The numbers, obtained by comparing the centres of the two images, indicate that the test image is shifted 48 pixels to the right, 48 pixels to the inferior of the reference image.
As explained in section 2, the correlation coefficient is a two-dimensional function in the spatial domain and can be rescaled to range from zero to 255 in order to be displayed as an 8 bit raw image for further evaluation. The whitest spot corresponds to the maximum of the correlation and the darkest spot the minimum. The position of the peak indicates the translational shift between the test and the reference images.
Although results from both methods give the correct peak location (48, 48) which matches the known result, the peak of CFC is broader, as shown in figure 3(c), while the peak of POC is much sharper and appears as a white dot on a mainly dark background ( figure 3(d) ). An arrow renders assistance to locate the peak in POC for fear that the white spot might be too small to be noticed visually. The relative significance ratios are calculated to be R CF C = 0.11 and R P OC = 4.91. Figure 4 (a) is a pelvic image (240 × 240) of another patient, which is of an overall poorer contrast. The test image (100 × 100) shown in figure 4(b) is a subregion of figure 4(a). Contrast has been enhanced in the original images for display only. The correlation distribution from CFC results in a broad peak as shown in figure 4(c) with the relative significance ratio R CF C = 0.09, whereas the distribution from POC gives rise to an extremely sharp peak that looks almost like a pin hole (figure 4(d)) with R P OC = 12.18. 
Results in the presence of added noise or rotation error
To further test the algorithm, random noise was added to the test images. The noise is assumed to have a Gaussian distribution. Thus, every pixel of the test image is superimposed with a random noise value, either positive or negative. The level of noise is defined as the ratio of the standard deviation of the Gaussian distribution to the peak-to-peak grey level in each image. Random noise with 20% noise level is added to the test image in figure 3(b) , and 30% noise to figure 4(b) . The resulting images with noise added are shown in figure 5(a) (d) respectively. As compared with the noise-free cases in figure 3(d) and 4(d), the peak positions are still quite stable, although the background is observed to increase. The distributions computed from CFC are not shown here but their peak profiles will be discussed later. In general, the peaks in CFC are still much broader than those in POC when noise is present, and some of the local peaks in CFC become higher (R CF C = 0.10, R P OC = 0.76 in figure 5(b) ; R CF C = 0.09, R P OC = 1.26 in figure 5(d) ). However, the change in overall background in CFC is less sensitive to noise as compared to POC.
In practice patient rotations, either in plane or out of plane, will cause errors in the patient setup. To detect the rotational error, especially to provide a quantitative measure, is an extremely difficult task. More sophisticated techniques are involved to resolve this issue, such as the use of Fourier-Mellin invariant descriptors (Chen et al 1994) . In this paper, as a preliminary study, we would like to address the ability of the POC technique to detect translational shifts under conditions of small rotational errors.
First, the test image in figure 3(b) is rotated by 2 • around the centre. The correlation of this rotated test image with the reference image ( figure 3(a) ) is computed. The results from CFC and POC are shown in figure 6(a) and (b), respectively. • . In the case of POC, the peak position is (48, 47) when the rotation error is 2
• , and (46, 47) when the rotation error is 4
• . In each case of CFC, there is a higher peak at the upper boundary, as shown in figure 6(a) and (c). Apart from those peaks near the boundary, the secondary peaks in the CFC have the same positions as those in POC. The background noise in both correlation distributions becomes higher when the angle of rotation becomes larger. Irrespective of the increasing background, the peak from POC is still sharper than the peak from CFC. The relative significance ratio R CF C = 0.06, R P OC = 0.32 when rotation error is 2
• , and R CF C = 0.06, R P OC = 0.10 when error is 4
• . Hence, it may be prudent to conclude that within a limit of a few degrees of rotation error (< 4
• ), the peak position of POC can give rise to the correct translational shift.
Correlation between phantom images
We next turn to the phantom studies. A solid anthropomorphic pelvic phantom † was positioned at different known translational distances and portal films were acquired. The films were digitized and two images, each with 190 × 190 pixels, are shown in figure 7(a) as the reference image and 7(b) as the test image. A region of 70 × 70 pixels was selected † The Phantom Laboratory, Salem, NY, USA. The correlation computed from CFC showed two broad peaks (figure 7(c)). The peak on the left of the image is slightly higher than that on the right and indicates the phantom shift 1.9 cm to the right, and 0.8 cm inferior. Correlation from POC resulted in a peak as shown in figure 7(d), which indicated that the test image is shifted 1.6 cm right laterally and 0.1 cm inferiorly with respect to the reference image. The actual shift was 1.65 ± 0.05 cm right laterally and 0 ± 0.05 cm along the caudad-to-cephalad direction. The edge effect appears stronger here mainly because the correlation peak is relatively lower. As mentioned earlier, these line artifacts are the loci of the centre of the test region when its edge aligns with one side of the reference image. These artifacts can be removed according to the size of the test region. 
Discussion
We have reported on the algorithmic development of the phase-only correlation (POC), as well as the tests of its applicability to radiation therapy. The results of the tests suggest that POC may provide an alternative image registration method for detecting translational shifts. As these were only preliminary tests, our study was limited and included several simplifications: possible advantages of image preprocessing were not considered and robustness under small out-of-plane rotations has not yet been considered. To test its applicability to routine clinical practice, more phantom studies should be carried out in the next phase of this investigation.
In order to explore the validity and limitations of the method itself, no image preprocessing was applied to the images before carrying out the POC (except for the preprocessing inherent to the method itself or the film digitizer). The same approach was also adopted when using the normalized CFC technique. Image preprocessing has been shown to enhance the performance of CFC (Pratt 1991) . Therefore, it may be worthwhile to investigate whether image preprocessing can improve the results of POC.
Note that in (5), the phase information is only extracted from the test image and not from the reference image in computing the POC. Alternatively, POC was carried out by extracting the phase information from the reference image and not the test image. In general, similar results were observed. Furthermore, correlations were tested when phase information was extracted from both images. Again, similar results were observed for the images studied.
Conclusions
The phase-only procedure provides a new technique for the correlation of treatment fields in radiation therapy. Several preliminary tests investigated in this paper have demonstrated that the POC method provides an alternative to conventional correlation techniques (CFC) which may be advantageous with respect to the sharpness of the correlation peak. Although background level in POC is sensitive to the presence of noise and the rotation errors, the position and the sharpness of correlation peaks appear to be robust in the presence of noise or small in-plane rotation errors.
The experience gained from this study and the results obtained from the simulations and phantom studies enable us to proceed and to investigate its further application to clinical practice: the correlation of portal with portal or portal with simulator images on a daily basis to evaluate the patient setup during the treatment.
